Introduction

▼
Referees in rugby league have the responsibility of regulating the behaviour of the players and enforcing the laws of the game, and can infl uence the outcome of a game based on their decisions. UK rugby league's national governing body, the Rugby Football League (RFL), employ up to 8 referees on a full-time basis to improve the performance of match offi cials within Super League (SL). Given the importance of referees to the sport of rugby league it is essential that the demands for both training and performance are given due consideration by sport science. Rugby league referees have to place themselves in the best possible position to make a decision whilst controlling the 10 m defensive line. Rugby league referees are more restricted in their positioning compared to soccer referees, who have no restrictions and simply have to place themselves in the best location to make a decision and keep up with the tempo of the game [ 3 ] . Research has provided a thorough examination of the move-The use of global positioning systems (GPS) technology within referees of any sport is limited. Therefore, the purpose of the current study was to evaluate the movement and physiological demands of professional rugby league referees using GPS tracking analysis. Time-motion analysis was undertaken on 8 referees using 5-Hz GPS devices and heart rate monitors throughout a series of Super League matches. 44 data sets were obtained with results identifying similar total distance covered between fi rst and second half periods with a signifi cant ( P = 0.004) reduction in the number of high velocity eff orts performed between 5.51-7.0 m.s . Heart rate was signifi cantly ( P < 0.001) greater in the fi rst (85.5 ± 3.4 % maxHR) compared to the second (82.9 ± 3.8 % maxHR) half. This highlights the intermittent nature of rugby league refereeing, consisting of low velocity activity interspersed with high velocity eff orts and frequent changes of velocity. Training should incorporate interval training interspersing high velocity eff orts of varying distances with low velocity activity while trying to achieve average heart rates of ~ 84 % maxHR to replicate the physiological demands.
analysis (1-Hz) to examine 10 NRL referees and found total distance covered during match play was 7 607 m. Distances reported were 4 651 m walking/slow jogging (below 7 km.h ), however no standard deviations were provided. The movement demands in NRL referees produced a mean heart rate of 154 beats.min − 1 (no standard deviations provided; [ 13 ] ) or 84.0 ± 4.0 % [ 18 ] of maximal heart rate (calculated from the maximum heart rate achieved in the game). Current research demonstrates the intermittent nature of rugby league refereeing within the NRL only and is limited by the number of observations and analysis performed (e. g., visual analysis of video recordings, 1-Hz GPS tracking). Previous time motion analysis research in rugby league players has demonstrated diff erent demands exist between the SL (e. g., distance covered = 8 503 ± 631 m; [ 29 ] ) and the NRL (e. g., distance covered backs = 5 573 ± 1 128 m, forwards = 4 982 ± 1 185 m; [ 25 ] ) competitions, providing further rationale for the evaluation of referees from diff erent competitions. Therefore, the purpose of the present study was to evaluate the movement and physiological demands of rugby league referees using 5-Hz GPS tracking analysis throughout a series of SL matches.
Methods
▼
Study design
Time-motion analysis was undertaken on a total of 121 European SL matches with 8 referees (between May and October) using portable 5-Hz GPS devices (MinimaxX; Catapult Sports, Australia) and 1-Hz heart rate monitors (Polar Electro, Kempele, Finland). However, only 44 full GPS data sets (36 %) were obtained (mean 5.5 ± 3.4 matches per referee, ranging from 1 to 11 games). Before wearing GPS units in match play, the referees underwent a familiarisation period, using the GPS devices during training scenarios to accustom the referees to wearing the GPS devices. Prior to data collection referees completed a standard sub-maximal and maximal exercise test [ 15 ] on a motorised treadmill (Woodway ELG70, Woodway, GmBH, Weil am Rhein, Germany) to establish the relationship between oxygen uptake and running speed, as well as maximum heart rate (maxHR (the highest value reached)), respectively. Using regression analysis, oxygen uptake, running speed and maximal oxygen uptake were used to determine variability in relative exercise intensity at each absolute velocity classifi cation boundary for each referee, which are defi ned below. MaxHR was used to determine percentage heart rate zones during match play, as outlined below. Procedures and risks were explained prior to the study and all referees gave written informed consent. The protocol employed during this investigation received institutional ethical approval and was performed in accordance with the ethical standards specifi ed by Harriss and Atkinson [ 12 ] . Permission to undertake the research was granted by the Rugby Football League Match Offi cials Director, which was endorsed by the referees themselves who were very interested to understand more about the physiological and movement demands of offi ciating.
Participants
Preliminary testing
Referees completed a discontinuous incremental exercise test to volitional exhaustion which included a sub-maximal phase and maximal phase to determine maximal oxygen uptake and MaxHR [ 15 ] . Upon arrival at the laboratory the referees were fi tted with a telemetric heart rate monitor (Polar RS400, Polar Electro Oy, Finland). After a warm-up routine, the referees then completed between fi ve and seven 3 min exercise stages on the motorised treadmill. The starting velocity for each referee for the sub-maximal phase was 9 kmh − 1 increasing by 1.0 kmh − 1 each stage, with the treadmill set at a 1 % gradient [ 16 ] . When heart rate exceeded 95 % of the predicted maximum or blood lactate exceeded 4 mmol.l − 1 the sub-maximal phase of the test was terminated. After 15 min recovery the referees returned to the motorised treadmill to complete the maximal phase of the test. They resumed running at a velocity 2.0 km.h − 1 below their fi nal sub-maximal phase running speed. Treadmill gradient was increased by 1 % every 60 s until volitional exhaustion. Throughout the test the referees wore a facemask so expired gas could be collected and measured using a MetaLyzer 3B online gas analysis system (Cortex Biophysik GmbH, Germany) to calculate oxygen uptake. The digital tripleV volume transducer was calibrated using a 3-litre syringe (Hans Rudolph Inc, USA) and the gas analysers calibrated using room air and a mass standard gas mixture (Alpha Gravimetric standard, BOC gases, Guildford, UK) of oxygen and carbon dioxide in nitrogen equivalent to expired air (15 % O 2 and 5 % CO 2 ). The laboratory was air-conditioned ensuring adequate ventilation and temperature was maintained at 19 °C.
Procedure
Prior to warming up on match day, the GPS devices were activated. The referees were fi tted with an appropriately sized vest which allowed the portable GPS unit to be positioned between the scapulae at the base of the cervical spine. The heart rate monitor was positioned around the chest with a referee shirt worn over the top of the vest. Referees were allocated a GPS unit and heart rate belt for the entire duration of the study [ 26 ] . Upon entering the fi eld for warm up the GPS device was fi tted within the vest. The MinimaxX GPS (Catapult Sports, Australia) device (88 × 50 × 19 mm in size, 67 g in weight), which has been reported to be reliable and accurate [ 14 , 27 ] sampled at a rate of 5-Hz with 3D magnetometers recording at 30-Hz for analysing direction of movement. Research has not established the validity and reliability of analysing direction of movement using the MinimaxX GPS system. However, previous research [ 20 ] has used magnetometers to assist in establishing angular rates of rotation [ 21 ] as well as animal movement and behaviour [ 10 ] , which are used for measuring direction of travel within the MinimaxX device. For the 44 matches analysed, mean match duration was 85.4 ± 3.7 min (1 st half = 42.7 ± 2.3 min; 2 nd half = 42.9 ± 2.0 min). Match play commenced between 15:00 h and 20:00 h with data collected at 13 stadia throughout the SL.
Data analysis procedures
All data were downloaded to a PC and analysed using Logan Plus 4.0 (Catapult Innovations, Australia) software. Exclusion criteria Downloaded by: IP-Proxy Leeds Beckett University, null. Copyrighted material.
for the GPS data included referees not activating the GPS unit, poor or no satellite coverage during the match (minimum of 4 satellites; [ 31 ] ), loss of satellite coverage during match play, loss of data through battery failure, unit deactivation or software errors. The number of satellites ranged from 4 to 9 (mean = 6.5 ± 0.9 with a horizontal dilution of precision of 2.1 ± 0.5). A low horizontal dilution of precision (within range of 0-50) indicates an optimal geometrical positioning of orbiting satellites for accurate monitoring of position [ 14 , 35 ] . Exclusion criteria for heart rate data included no corresponding GPS data, loss of heart rate data during match play or software errors. This resulted in 44 GPS and 36 heart rate data sets, respectively. Once appropriately formatted, data were exported for analysis in Microsoft Excel 2007 (Microsoft Corporation, USA) for the purpose of data management.
Measures
Total and relative (m.min − 1 ) distance covered during match play were examined alongside distances covered per half. The mean frequency of movement 'eff orts' (a discrete movement event lasting 0.2 s before a change in velocity or direction) were classifi ed into 6 velocity categories [ 28 ] , which were typical of previous time motion analysis in rugby league players [ 29 ] . The 6 velocity classifi cations were standing ( < 0.5 m.s . The use of qualitative descriptors for these absolute velocity bands may be confusing, as they may have a diff erent meaning relative to the range of velocities achieved by each individual. For example, high speed running for one individual may be sprinting for another. However, the selected absolute velocity classifi cations are important for comparison with the literature, and will be used from this point forward rather than using potentially confusing qualitative descriptors. Total mean distance, percentage distance covered, total mean time and percentage of time spent in each velocity classifi cation were calculated. Velocity classifi cations were further grouped to represent periods of work and rest to provide a work-rest ratio. Based on parameters used in rugby union [ 5 ] , rest or low intensity activity was classifi ed as activity below 2.2 m.s − 1 , whilst eff ort was classifi ed as activity above 2.2 m.s − 1 . The frequency and distance of eff orts were also classifi ed into 4 predefi ned distances (i. e., 0-5 m, 5.01-10 m, 10.01-40 m, > 40 m), which were classifi ed by the GPS software, which are common distances observed in rugby league [ 9 ] . Movements in facing bands were also considered which included movement in forward, backward, right and left directions. Facing bands were four equal 90 degree quadrant planes (defi ned by the manufacturer) based on the orientation of the unit and gave distances covered and mean velocities in each direction.
Physiological variables
Heart rates (beats.min − 1 ) were recorded during total match play and for fi rst and second half periods. Percentage heart rates were calculated based on the predetermined maxHR and then categorised into heart rate zones where zone 1 = 51-60 % maxHR, zone 2 = 61-70 % maxHR, zone 3 = 71-80 % maxHR, zone 4 = 81-90 % maxHR and zone 5 = 91-100 % maxHR, which are commonly used zones for assessing heart rate [ 1 , 8 , 32 ] .
Statistical analysis
SPSS version 19.0 was used to conduct analysis with eff ect sizes ( η²) also calculated and statistical signifi cance set at P < 0.05. Data are presented as mean ± standard deviations. Preliminary analyses were conducted to check for normality with Kolmogorov-Smirnov tests performed on the data set to check data distribution with P < 0.05 indicating normality. A paired samples t-test was used to assess diff erences between fi rst and second half movement and physiological demands. A one-way ANOVA was used to analyse the diff erences in velocity and movement direction classifi cations. Coeffi cient of variation (CV) for the percentage of maximal oxygen uptake at each velocity classifi cation boundary was calculated to assess inter-referee variation in relative exercise intensity.
Results
▼
Total and relative distance covered
The mean total distance covered in match play was 
Velocity classifi cations and work-rest ratios
The total frequency of eff orts at 4.01-5.5 m.s • ▶ Table 1 shows an overall signifi cant eff ect for distance covered were identifi ed during match play.
• ▶ Table 2 shows the total number of eff orts at each velocity for the 4 predefi ned distances with the number of eff orts performed decreasing as the velocity increased. However, as velocity increased the number of eff orts over longer distances increased with results suggesting a pattern of short distance slow speed eff orts with higher speed middle to longer distance eff orts occurring during match play.
• ▶ Table 3 shows that there is inter-referee variation (CV: 13-33 %)
in the relative exercise intensity (percentage of maximal oxygen uptake) across the diff erent absolute velocity classifi cation boundaries. These data suggest that for some referees the velocDownloaded by: IP-Proxy Leeds Beckett University, null. Copyrighted material.
ity boundary of ~4.0 m.s − 1 elicits a relative exercise intensity above their maximal oxygen uptake, whereas others are still exercising sub-maximally.
Movement in facing bands
Movement in 4 facing bands (forward, backwards, left and right) are reported in • ▶ Table 4 . Signifi cant diff erences were found for distance covered in the facing bands (F 3, 41 = 231.5, P < 0.001, η 2 = 0.92) with all directions signifi cantly diff erent except backwards and left. Referees covered a signifi cantly greater distance in a forward motion. There was an overall signifi cant eff ect (F 3, 41 = 328.1, P < 0.001, η 2 = 0.90) for mean velocity in each facing band. Mean velocity was signifi cantly greater in a forward motion and signifi cantly lower for backwards movements. Mean velocities for left and right motion were not signifi cantly diff erent.
Heart rate responses • ▶ Table 5 shows the heart rate responses for the total, fi rst and second half periods. Heart rate was signifi cantly greater in the fi rst compared to second half period (t 1, 43 = 5.008, P < 0.001, η 2 = 0.42). Signifi cant diff erences were also evident for the time spent between fi rst and second half periods for zone 2 
Discussion
▼
In recent years the use of GPS technology has become a popular and reliable method of evaluating the movement demands within sport [ 14 ] . Based on the lack of research available using GPS tracking in the evaluation of offi cials within any sport, the purpose of the current study was to evaluate the movement and physiological demands of professional rugby league referees during SL matches. This is the fi rst study to show the movement demands, in terms of distance and velocities, of rugby league referees, with similar demands observed between fi rst and second half periods. The referees covered the majority of distance at velocities between 0.51-2.0 m.s − 1 and 2.01-4.0 m.s − 1 , which were interspersed with eff orts at higher velocities, thus demon- strating the intermittent nature of the required movement patterns. The inter-referee variation in the percentage of maximal oxygen uptake across the velocity classifi cation boundaries highlights that referees are exercising at very diff erent relative exercise intensities, suggesting marked diff erences in fi tness between these referees. Even though there is some variation in the fi tness ability of the referees, which should be taken into consideration, the descriptive data is accurate. Therefore, these fi ndings can be used to enhance specifi c, intermittent training programmes of rugby league referees that mimic and overload the demands of the game. The mean total distance covered by referees during match play of 8 951 ± 746 m, was substantially higher than total distances reported in Australasian rugby league referees (7 607 m, [ 13 ] ; 6 700 ± 400 m, [ 17 ] ) demonstrating SL referees have greater total distance demands than Australasian counterparts. The lack of up to date time motion analysis of Australian referees makes comparisons diffi cult with further research required analysing the movement demands within the NRL, whereby 2 referees are now utilised. The total distance covered by referees during match play is also greater than that previously reported for rugby league players (Outside-Backs = 6 917 ± 1 130 m, Adjustables = 6 093 ± 1 232 m, Forwards = 4 181 ± 1 829 m; [ 32 ] ) using GPS analysis. A possible explanation for these fi ndings is game duration with referees offi ciating for the full match duration, whilst players are often interchanged during the course of a game (e. g., Forwards match duration = 44.2 ± 19.2 min; [ 32 ] ). The lack of diff erence in the distance covered per half is consistent with previous studies in soccer [ 6 , 20 ] and rugby union [ 24 ] referees, but contradicts other soccer referee research [ 11 , 22 ] . A signifi cant decrease in the number of eff orts at velocities between 5.51-7.0 m.s − 1 and average heart rate between fi rst and second half periods was apparent, with an increase in the number of lower intensities activities (e. g., 0.51-4.0 m.s
) during the second half. Fewer higher intensity eff orts may be required due to a reduction in match activity of players in the second half period and especially the fi nal quarter (i. e., high intensity running 1 varying distances. Therefore, the current fi ndings provide the most detailed analysis on the movement demands of rugby league referees. This is the fi rst study to report the contribution of diff erent directions of movement (e. g., lateral and backwards) to the total distance covered using GPS analysis. The validity and reliability of the magnetometers within the MinimaxX device needs to be established, but the data provides an indication of the directional movement of the referees. Findings demonstrate significantly greater distances and velocities were covered in a forward direction, with lateral and backwards movements substantially contributing to the total distance covered. Comparisons between the current fi ndings and previous notational analysis [ 17 ] identifi ed substantial diff erences between the contribution of lateral movements (36 % vs. 2 % of total distance), highlighting a potential issue with the manufacturer's facing band defi nitions used in the current GPS tracking. Therefore, video footage was reviewed retrospectively and it became apparent that the referees rotate their torso while running in a forwards direction to ensure the best view of the game, rather than performing side stepping movements, which would more traditionally be classifi ed as lateral movement. From these observations, alternative directional defi nitions were applied to better refl ect lateral movement within 7 SL matches. 'Left' and 'Right' movements were reduced to a bandwidth of 30 °, which increased the 'Forward' and 'Backward' directional bands to 150 ° each. New analysis found 60.3 ± 7.1 % 'Forward', 28.1 ± 4.6 % 'Backwards', 5.3 ± 1.2 % 'Left' and 6.3 ± 1.9 % 'Right' of total distance was covered in each direction. This further analysis highlights potential issues with the facing bands used, including the positioning of the GPS unit on the thoracic spine with further research required to establish the correct facing bands to be used within rugby league refereeing to determine the diff erent aspects of multi- Downloaded by: IP-Proxy Leeds Beckett University, null. Copyrighted material.
directional movement. However, training of rugby league referees should in part focus on forward running with rotation of the torso in left and right directions to represent the actions common within match play. Average heart rate values for referees of 154 ± 6 beats.min − 1 at 84.2 ± 3.2 % maxHR are consistent with previous literature [ 13 , 18 ] . Findings showed approximately 47 % and 32 % of time was spent between 81-90 % and above 91 % maxHR respectively, which is consistent with fi ndings in soccer referees [ 19 ] . These heart rate fi ndings demonstrate that rugby league refereeing is of high intensity and that physiological demands are placed on both the aerobic and anaerobic energy systems during competition. When comparing these physiological responses with the movement demands (i. e., 92 % of time is spent below 4.0 m.s − 1 ), it could be speculated that refereeing would not elicit such large heart rate responses. Previous research suggests that increased heart rates may be associated with psychological factors such as increased stress [ 19 ] and anxiety [ 18 ] from the high pressure nature of refereeing where decisions are of great importance and could infl uence the outcome of a game. However, this is yet to be established with these referees and is a possible future research direction. If this was found to be the case then conditioning programmes should not only be based on adhering to specifi c movement demands but also refl ect heart rate responses identifi ed during match play. This study highlights that it may be problematic to use absolute velocity thresholds with individual referees, as they do not truly refl ect the transitions between exercise intensities relative to the fi tness of each referee. The velocity threshold used to delineate the boundary between moderate-and high-intensity exercise was 5.5 m.s − 1 (19.8 kmh − 1 ) [ 28 ] . However, it is clear that for these referees this exercise velocity was supra-maximal relative to maximal oxygen uptake, when estimated using regression analysis. Caution is required as this technique assumes a continued linear relationship between oxygen uptake and running speed. Therefore, this technique is likely to produce some inherent error within the predictions of such relative exercise intensities which are extrapolations beyond maximal oxygen uptake. Even though the heart rate data discussed above provides an overview of the average relative exercise intensity, further research is required using objective physiological measurements to ascertain the transition between individualised low-, moderate-, high-and very high-intensity exercise with rugby league referees. In conclusion the current study provides the most detailed analysis on the movement and physiological demands of rugby league referees to date. Findings demonstrate highly intermittent movement demands, involving periods of low velocity activity interspersed with short high velocity eff orts of diff ering distance and frequent changes of velocity. However, the use of absolute velocity classifi cations does not identify transitions between individual relative exercise intensities. Heart rate responses are higher than would be expected for the movement demands and associated psychological factors may increase the physiological responses of offi ciating. Those responsible for the training and conditioning programmes of rugby league referees should consider using low velocity activity with a rotated torso, some multi-directional (i. e., lateral or backwards) movement interspersed with higher velocity eff orts ( > 5.51 m.s − 1 ) of varying distances. Additionally, referees should perform training protocols which elicit an average heart rate of at least ~84 % maxHR to replicate the physiological demands of offi ciating.
